Endothelium-derived nitric oxide (NO) is an important regulator of vascular function. NO is produced by endothelial NO synthase (eNOS) whose function is modulated, in part, by specific protein interactions. By coimmunoprecipitation experiments followed by MS analyses, we identified a human voltage-dependent anion͞ cation channel or porin as a binding partner of eNOS. The interaction between porin and eNOS was demonstrated by coimmunoprecipitation studies in nontransfected human endothelial cells and Cos-7 cells transiently transfected with eNOS and porin cDNAs. In vitro binding studies with glutathione S-transferase-porin indicated that porin binds directly to eNOS and that this interaction augmented eNOS activity. The calcium ionophore, A23187, and bradykinin, which are known to activate eNOS, markedly increased porin-eNOS interaction, suggesting a potential role of intracellular Ca 2؉ in mediating this interaction. Theses results indicate that the interaction between a voltage-dependent membrane channel and eNOS may be important for regulating eNOS activity.
N
itric oxide (NO) is a potent cell-signaling molecule that plays important and diverse roles in biological processes such as neurotransmission, inflammatory response, and vascular homeostasis (1, 2) . Because of its important biological effects, NO production by NO synthases (NOS) is under complex and tight control. Three NOS isoforms have been identified to date, namely: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3). nNOS and eNOS are constitutively expressed and activated in response to calcium-calmodulin signaling. In addition, each of the NOS isoforms is regulated at multiple levels, including transcription, and at posttranslational mechanisms. Among the NOS isoforms, the eNOS seems to possess some unique features. For example, eNOS has been shown to undergo myristoylation and palmitoylation, processes that direct eNOS to the caveolae (3, 4) . Indeed, localization of eNOS within plasma membrane caveolae seems to be necessary for the efficient release of NO in response to external stimuli (5) .
Recent studies indicate that protein-protein interactions are critical to the regulation of eNOS activity. For example, direct interaction of the oxygenase or reductase domains of eNOS with the scaffolding domain of caveolin-1 in endothelial cells or caveolin-3 in cardiac myocytes inhibits eNOS activity (9) (10) (11) . Interaction of caveolin-1 with eNOS seems to be mutually exclusive, suggesting dynamic regulation of the enzyme by intracellular calcium levels. The carboxyl terminus of the bradykinin B2 receptor has been shown to interact with eNOS and inhibit its activity (12) . In contrast, the heat shock protein 90, a molecular chaperone, serves as allosterical activator of eNOS (13) .
To determine whether other proteins could be important in regulating eNOS function, we used a MS-protein-sequencing approach to identify proteins that copurify with eNOS from Brij 96 lysates of bovine endothelial cells. From these studies, we have found a voltage-dependent anion channel 1 (VDAC1 or porin) that interacts with eNOS and modulates NO production. Cell Culture. Endothelial cells were harvested from human saphenous veins and bovine aortas as described (14, 15) . The human endothelial cells were harvested by using type II collagenase (Worthington) and cultured in Medium 199͞20 mM Hepes͞50 g/ml endothelial cell growth serum (Collaborative Research), 100 g/ml heparin sulfate͞5 mM L-glutamine (Life Technologies, Grand Island, NY), 5% FCS (HyClone), and an antibiotic mixture of penicillin (100 units͞ml)͞streptomycin (100 g͞ml)͞Fungizone (1.25 g͞ml). The bovine endothelial cells were cultured at 37°C in a growth medium containing DMEM, supplemented with 5 mM L-glutamine (Life Technologies), 10% FCS (HyClone), and an antibiotic mixture of penicillin (100 units͞ml), streptomycin (100 mg͞ml), and fungizone (250 ng͞ ml). Relatively pure endothelial cell cultures were confirmed by Nomarski optical microscopy (Olympus IX70, ϫ40 objective) and by immunofluorescence staining with anti-factor VIII antibodies. All passages were performed with a disposable cell scraper (Costar), and only endothelial cells of fewer than six passages were used.
Experimental Procedures
Immunoprecipitation and Immunoblotting. After being washed three times with cold PBS, cells were lysed by scraping into 1% Brij 96 (polyoxyethylene 10-oleyl ether; Fluka) in 20 mM Hepes (pH 7.5)͞150 mM NaCl͞5 mM MgCl 2 (HBSM) with 2 mM PMSF͞20 g/ml aprotinin͞10 g/ml leupeptin. After a 1-h extraction at 4°C with rocking, insoluble material was removed by centrifugation, and lysates were precleared for 1 h at 4°C with protein G-Sepharose (Amersham Pharmacia). Specific antibodies were added along with protein G-Sepharose, and immune complexes were collected overnight at 4°C. After being rinsed four times with lysis buffer, immune complexes were eluted by boiling in sample buffer, resolved by SDS͞PAGE, and transferred to nitrocellulose. Blots were blocked with 5% nonfat milk in PBS with 0.1% Tween 20 (PBST). Blots were developed with diluted antibodies for eNOS (1:500) and porin (1:1,000), followed by horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse antiserum (diluted 1:8,000 and 1:10,000, respectively) and enhanced chemiluminescence (NEN Life Science) according to the manufacturer's instruction. Band intensities of the autoluminographs were quantitated by densitometry.
Purification of eNOS-Associated Proteins. Bovine endothelial cells (Ϸ5 ϫ 10 8 ) were lysed in a total of 10 ml of 1% Brij 96 lysis buffer and precleared as described above. Anti-eNOS mAb was added This paper was submitted directly (Track II) to the PNAS office.
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at 5 g͞ml along with 150 l (settled volume) of protein G-Sepharose, and eNOS complexes were collected overnight at 4°C. After extensive rinsing with lysis buffer, eNOS-associated proteins were eluted by incubation with SDS͞PAGE sample buffer. The eluate was concentrated with a Microcon-10 microconcentrator (Amicon) and resolved by SDS͞PAGE on an 11% minigel. eNOS proteins were stained with 0.1% Coomassie brilliant blue 250 in 40% methanol and 10% acetic acid and destained in 50% methanol. Specific bands presented in eNOS immunocomplex in comparison with immunocomplex obtained by irrelevant mouse antibody were excised, rinsed with 50% HPLC-grade acetonitrile, and stored at Ϫ20°C until analysis.
Protein Identification by Capillary Chromatography and MS. Protein bands were excised, chopped into 1-to 2-mm pieces, and subjected to in-gel digestion with trypsin (16) . Tryptic peptides were analyzed by microcapillary liquid chromatography (LC)-MS with automated switching to MS͞MS mode for peptide fragmentation. In brief, peptides eluting from the capillary column were automatically fragmented by collision-induced dissociation in a triple quadrupole mass spectrometer (TSQ 7000, Finnigan-MAT, San Jose, CA), and the resulting sequence information was recorded in a tandem (MS͞MS) or collisioninduced dissociation mass spectrum. Collision-induced dissociation spectra were then computer-searched by using the SEQUEST algorithm (17) against the OWL nonredundant database as well as the EST database (www.ncbi.nlm.nih.gov͞dbEST͞index.html). Protein identification was unambiguous because multiple peptides from each protein were matched by the database searches.
Expression of GST-Porin Fusion Protein. The porin cDNA fragment was amplified by PCR and inserted into a bacterial expression vector pGEX-2T (Amersham Pharmacia). Expression of GSTporin fusion proteins was induced by adding isopropyl-Dthiogalactopyranoside. The expressed GST-porin was purified through glutathione-Sepharose beads.
Binding of eNOS and Porin. Equal amounts of purified baculovirusexpressed bovine eNOS, and either purified GST-porin or the negative control GST alone, were incubated in TBS (10 mM Tris⅐HCl, pH 7.5͞150 mM NaCl) for 2 h at 4°C. GST-bind beads, washed in TBS with 0.1% BSA, were added to precipitate the porin, and the beads were then washed extensively in buffer containing 10 mM Tris⅐HCl, pH 7.5, 150 mM NaCl, 10 mM mercaptoethanol, 0.5% Tween 20, 0.1% BSA, and 100 mM imidazole. The washed beads were boiled in SDS sample buffer, and bound proteins were resolved by SDS͞PAGE and then transferred to nitrocellulose filters. Filters were blocked in TBS containing 0.1% Triton X-100, 5% dry milk, and 0.5% BSA and then incubated with anti-eNOS antibody. Filter was incubated with horseradish peroxidase-conjugated antibody to mouse IgG, followed by detection by using a Renaissance chemiluminescence reagent Plus (Perkin-Elmer Life Sciences).
Transfection. Plasmids (4 g each) were transfected into COS-7 cells by using Lipofectamine Plus reagent (Life Technologies). After 48 h of transfection, cells were harvested. The cells were then washed twice with cold PBS and harvested in the extraction buffer (25 mM Tris, pH 7.4͞1% Brij 96͞1 g/ml leupeptin͞1 g/ml aprotinin͞1 g/ml pepstatin͞1 mM PMSF). After incubation on ice for 15 min, the extract was centrifuged at 14,000 rpm for 15 min to remove cell debris. The protein concentration in supernatant was determined by Pierce bicinchoninic acid protein assay. ]citrulline at 37°C for 30 min with the eNOS assay kit (Calbiochem-Nova Biochem) as described (19) . Unlabeled L-arginine was added to L-[ 3 H]arginine (specific activity, 60 Ci͞mmol) at a ratio of 3:1. Rat cerebellum extracts, containing elevated amounts of neuronal NOS, were used as positive controls, whereas samples incubated in the presence of the competitive NOS inhibitor, N G -nitro-Larginine methyl ester (L-NAME) (1 mM), were used to determine nonspecific activity. Nonspecific activity accounted for 20-35% of total activity. Statistical Analysis. All data are given as the mean Ϯ SEM. Data were analyzed by using paired and unpaired Student's t test and one-way ANOVA. A P value of Ͻ0.05 was taken as significant difference between data sets.
Results

Identification of Porin as an eNOS-Associated Protein.
To identify eNOS-associated proteins, eNOS complexes were affinitypurified from a Brij 96 lysate of bovine endothelial cells precleared three times by using normal mouse IgG and fractionated by SDS͞PAGE and stained with Coomassie blue. In addition to antibody-derived bands, three bands at 18, 34, and 38 kDa were uniquely present in eNOS complexes in comparison with control proteins resulting from the last preclearing step with mouse IgG (Fig. 1) . The 18-and 34-kDa bands were excised and digested The resultant lysates were precleared three times with mouse nonspecific IgG. Anti-eNOS mAb was then added at 5 g͞ml along with 150 l (settled volume) of protein G-Sepharose, and eNOS complexes were collected overnight at 4°C. After extensive rinsing with lysis buffer, eNOS-associated proteins were eluted by incubation with SDS-polyacrylamide gel sample buffer, concentrated, and resolved by a SDS-11% polyacrylamide gel. Precipitated proteins were stained with 0.1% Coomassie brilliant blue 250. The immunoprecipitated proteins recovered by using nonspecific IgG were used as control. Asterisks represent some specific proteins present in eNOS immunoprecipitates. IP, immunoprecipitation.
with trypsin. Tryptic peptides were separated by capillary chromatography and sequenced by ion-trap tandem MS. LC-MS͞MS analysis of the 34-kDa band identified three peptides (VTQS-NFAVGYK, LTFDSSFSPNTGK, and SENGLEFTSSG-SANTETTK) that correspond to peptides deduced from voltage-dependent anion channel 1 (VDAC1 or porin). A few peptides obtained (from actin, keratin) were generally observed in sensitive mass spectrometric sequencing protocols. The three peptides (DGNGYISAAELR, VFDKDGNGYISAAELR, and EAFSLFDKDGDGTITTK) obtained from the 18-kDa band represented sequence fragments of calmodulin, which has already been shown to associate with eNOS (20) .
Interaction of eNOS with Porin. To confirm that eNOS associates with porin in human endothelial cells, we performed coimmunoprecipitations by using the polyclonal anti-eNOS antibody and monoclonal anti-porin antibody, from Brij 96 lysates of nontransfected human endothelial cells (14) . Porin was found to coimmunoprecipitate with the eNOS antibody but was not detected in samples in which eNOS antibody was replaced with an irrelevant antibody ( Fig. 2A) . Similarly, eNOS was found in porin immunoprecipitate (Fig. 2B) . These findings indicate that porin associates with eNOS in the intact human endothelial cell. Furthermore, it is estimated that about 6% of total cell porin interacted with eNOS because the amount of porin immunoprecipitated by anti-eNOS antibody from 500 g of Brij96 cell lysates is similar to the amount of porin that was present in 30-g cell lysates.
A direct interaction between eNOS and porin was further comfirmed by an in vitro binding assay with purified eNOS and GST-porin fusion protein produced in bacteria. Recombinant eNOS was incubated with either GST or GST-porin that is bound to glutathione-Sepharose beads. Proteins that remained bound to the beads after extensive washing were then separated by SDS͞PAGE and visualized with Western blot against eNOS. GST alone did not bind to eNOS, but a clear interaction occurred between eNOS and GST-porin (Fig. 2C) .
Regulation of eNOS and Porin Interaction. To investigate whether the interaction between eNOS and porin within endothelial cells is regulated by intracellular signals, we stimulated human endothelial cells with the calcium ionophore A23187 (5 M), which stimulates NO release (21) . Compared with untreated cells, endothelial cells stimulated with A23187 for 5 min showed increased amount of porin immunoprecipitated by eNOS antibody (Fig. 3A) . Densitometric analysis revealed a 2.5-fold increase in porin bound to eNOS (P Ͻ 0.05, n ϭ 3). Bradykinin (1 M), which has been shown to promote rapid and transient Ca 2ϩ -dependent activation of the eNOS (22), also augmented the amount of porin bound to eNOS (Fig. 3B) . Taken together, these data suggest that intracellular calcium levels may regulate the interaction between eNOS and porin.
Functional Interaction Between eNOS and Porin. To investigate whether the interaction of eNOS with porin modulates eNOS activation, COS-7 cells were transfected with cDNAs encoding eNOS and porin. Approximately 48 h after transfection, immunocomplexes were examined and eNOS activity was assessed by measuring the conversion of radiolabeled L-arginine to Lcitrulline. Under nontransfected conditions, COS-7 cells express porin, but not eNOS (Fig. 4A) . Transfection of COS-7 cells with eNOS cDNA alone resulted in its expression and coimmunoprecipitation of eNOS with endogenous porin. Cotransfection of eNOS with porin increased the total amount of porin in total lysates and augmented the amount of porin bound to eNOS.
Cotransfection of eNOS with porin markedly enhanced eNOS activity in cellular lysates compared with Cos-7 cells transfected with eNOS alone (Fig. 4B) . To determine whether porin could directly potentiate eNOS activity, purified recombinant eNOS was incubated with GST alone or with increasing amounts of GST-porin. Addition of porin caused a significant increase in eNOS activity, which was blocked by the NOS inhibitor L-NAME (Fig. 4C) . Taken together, these findings indicate a functional association between eNOS and porin.
Discussion
The regulation of eNOS occurs at multiple levels, including gene transcription, posttranscriptional and posttranslational mechanisms, and protein-protein interactions. Most of the previous studies have focused on transcriptional and posttranscriptional mechanisms of eNOS regulation. However, evidence that protein-protein interactions may also contribute to important dynamic regulations of eNOS is growing. To date, eNOS has been shown to associate directly with at least five proteins: heat shock protein 90 (13), calmodulin (20) , Dynamin-2 (23), caveolin 1 and caveolin 3 (9-11), and the intracellular domains of certain G protein-coupled receptors (12) . Interaction of eNOS with heat shock protein 90, calmodulin, and Dynamin-2 enhances eNOS activity, whereas association with caveolin 1 and 3 causes inhibition of activity. In this study, we have identified a voltagedependent membrane channel called porin as an eNOSassociated protein. The interaction of eNOS and porin is direct and specific, enhanced by stimulators of eNOS, and ultimately leads to increased eNOS activity.
Porin is a 35-kDa membrane protein that forms a large channel allowing the transport of anions, cations, and various metabolites including substrates and nucleotides (24 -27) . Through a N-terminal leader sequence, porin localizes to the outer membrane of mitochondria and the plasma membrane (28) . The presence of porin has also been detected in the specialized cell surface signal-transducing domains of plasmalemmal caveolae (29, 30) . The function of porin in caveolae, however, is not known. Nevertheless, eNOS has also been shown to localize to the caveolae where it interacts with a variety of proteins such as the structural protein caveolin-1 (9-11), the bradykinin receptor B2 (12) , and the L-arginine transporter CAT-1 (31) . Therefore, it is quite likely that eNOS interacts with porin, especially in the caveolae.
Our findings indicate that eNOS interacts directly with porin. Furthermore, treatment of the human endothelial cells with either a calcium inophore or bradykinin markedly enhanced the association of porin with eNOS, suggesting a potential role of intracellular calcium in regulating this interaction. Indeed, porin contains multiple Ca 2ϩ -binding sites, which allows it to participate in intracellular Ca 2ϩ signaling and transport (32) . Thus, it is possible that the binding of calcium to porin produces a favorable conformational change that allows it to bind efficiently to eNOS. However, further studies are required to elucidate the precise mechanism of this interaction.
An intriguing possibility is that the interaction between eNOS and porin may play an important role in the trafficking, translocation, and enzymatic regulation of eNOS. For example, the interaction of these proteins may facilitate the localization of eNOS in caveolae. Indeed, localization of eNOS to the caveolae is critical for proper regulation of eNOS activity, because numerous signaling molecules such as G protein-coupled receptors, growth factor receptors, the plasma membrane Ca 2ϩ pump, an inositol 1,4,5-trisphosphate-sensitive Ca 2ϩ channel, and protein kinases such as protein kinase B͞Akt are present in caveolae (33) . The binding of porin to cholesterol (34, 35) may also play an important role in porin trafficking in caveolae because caveolae are especially rich in cholesterol (36) . Cholesterol inhibits eNOS activity and it is possible that competition for porin within the caveolae by cholesterol and eNOS may be the mechanism by which cholesterol regulates the activity of eNOS.
Because porin is a voltage-dependent membrane channel, the interaction of eNOS with porin may also regulate the Ca 2ϩ concentration in the vicinity of eNOS. Recent studies suggest that the subcellular Ca 2ϩ concentration in the caveolae may modulate eNOS activity (18, 37) . Porin, by providing Ca 2ϩ transport into and out of mitochondrial and plasma membranes, may play an important role in intracellular Ca 2ϩ signaling (32) . Furthermore, the proximity of porin and eNOS may serve to direct substrate and cofactor delivery to eNOS, because the size of porin channels allows for transfer of larger substrates and nucleotides (24) (25) (26) (27) .
In summary, we have found that eNOS interacts directly with a voltage-dependent membrane channel. This interaction is specific and leads to a functional increase in eNOS activity. Whether the binding of eNOS to porin facilitates trafficking of eNOS to the caveolae and the precise determinants of this interaction, however, remain to be determined. This work was supported by grants from the National Institutes of Health (HL52233, HL48743, and HL70274) and the American Heart Association (Bugher Foundation Award). After 48 h, cell lysates were collected for Western blot analysis with antibodies against eNOS (Left) or porin (Center). Additionally, 300 g cell lysates were immunoprecipitated with eNOS antibody, and Western blotting was performed with anti-porin antibody (Right). (B) Coexpression of porin with eNOS in COS-7 cells potentiates eNOS activity. COS-7 cells were transfected with different plasmid combinations as described above. After 48 h, cell lysates were prepared for eNOS activity assay as assessed by L-NAME-inhibitable conversion of radiolabeled L-arginine to L-citrulline ( * , P Ͻ 0.05 vs. eNOS plus empty vector). (C) Recombinant eNOS was incubated with increasing molar concentrations of GST-porin, and then the enzymatic activity of recombinant eNOS was examined by the L-NAME-inhibitable conversion of radiolabeled L-arginine to L-citrulline ( * , P Ͻ 0.05 vs. GST ϩ eNOS, n ϭ 4). IP, immunoprecipitation; IB, immunoblotting.
